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HXR, MEROFT R ENSFERE BN EL 2. EFMEOFEREREN 712D
WTIRRESEFEA L TOAREFAZOLTDLST #2557 L FL -0 R
2B THY, BAMEOEFRLEENTT . PIEERER L CMV R pBEEIZ
WU, BB CMV 0 DNA IZERL UXEHTH Y, REHEBHRT
S E DR LEN OSBRI T T TETIHIRMIELONTOLERA Y,
REBISREEIZRIEL Z2AESHIREIZ>WLWTTT A, 55 3EHARER
FTEASGHEERENTHEXEDS THEESHENEL 7. REMETIIERE
DGEENERTEZTATL 2D, HBEBIRRICFEL ZOATRTL 72, KIEE
G AIBEFIR £ BB S CMV O DNA I S, mEOREREIZ -
TRANTTH, #BHOXETIIABESRAOEFRAZPFIIHEEIZCMV D
DNAAMEH SN OMRELH Y. PIEEBEEOBE&EEERIZELIZEET S
FHUIBLSN T RLWEBbhE7°,
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LWld., /AT H A b 2 &W#ﬁ%& C7-HRP it & 1,
T B2 4 ) AMEEARZ 72 & W D HEFT v -globulin 72T DRRET - 72D
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W,
BE TORSTE. FLLsub L EREBRBLTEYNIEA. TORET
TH, BOT AN RREEOAMERENR T X TCHEEIN TV 720D 2

ET, 3 y-globulin S ERRGBL FL 7.

&F B4 CD4 Bl T Ml &2 Bbn L iy

BE 1ET-> T B0 E3A, BEHFRETE R eBWE T,

ER BAETIELL 92D -720TTH. FHOEFEBEEREAMOIE
R sE LD BRERAM S L T X DIZBRZGLEL D, Fli—wy
M, ®@BWEMECSWETEZ 0D, HAHU0I. IRIZAIEEERE DERA
HrzE ZiCh, REIVFERDEEIH - 20N D20 TEERVWL WO TY
A,

RE PIEAHBT2HMENL. WBC 17 2000 ~ 3000 D> %. 70 ~ 80%
SHNWTHEEARONZL /2. MESIRAETREL 24F3. eosino (ZBIL
T ERAZESTED ERA.

ER ANCA XA TT A,

HE ANCAZ. p-ANCA. c-ANCA & L2 TL 7.

R DLSTRE{EEWDZ T2\ PEBOMBESEE X, FEiME%
TS L o vFEL 222,

AE H7uh— BEREAE HEHTH—2 VoA A-THi=DT
ERA %f:ﬁ@fﬁﬁ‘"iﬂ;of%’f"{%f:ft\ﬁé‘-ﬁbf’:%@f“?“ﬂ‘%. BELEE D

EE’J L.L -

ER DLST THRENHAZEDEHAMII LB E+0T. DLST
PR RIS THER E A0, LLELLAERILET,

HE Z5T713 F£/m AF 0 AR 2BEOMBETT - T30
T, TEB-L DL HIHEIZTERLEBL =5,

BE RREMERATERTERASE) 231 48TH PSEHREAD
HEﬁﬁﬁﬁ.ﬂ%bXﬁﬂtﬁﬁﬁﬁgﬁtmﬂEU&BﬂLvcfhiL
oAt Stk MEMREL PIE EEFTHEARSN L X213, 2504 N
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THEEZINA 2D, ZhhE Lo 4k AHF oD IgMBEERFT T B ENWD
ZET, SEREAYL 70 ADERLEZ TS L 2300 % BE <

-3

~

—

AAR
;‘fﬁ%‘ IEMDAKTH A AT TAPPD > THANE I OHIBITEL W&

WET. Ty F72IT7TEH, EcOBEEEZT--LTHRILZVWERNWE
ER

BE 514812 ﬁﬁﬁ%ﬁﬁ@%%f#4bxﬁu@MMfﬂ%%én
72EEDNEL A TRIHFAGFTRESDEBWET, HAGLEEKN 20
DNA DfFREREENEDBENZDIVTHZI TIEZ 0,

WE OFEE REICRL UL BXTUBEVEYA

e ZNARBETHINET. H 4 AT OBEEZEIEESIE DI ETLS
LWLDTL £ 9,

RE L BRLTIBYE

ME G AL ATODBEE, TUFFRITHBEIIRSZ 3
FHNET, &% BIEESRANAERL-EEIZE, REVED 1 ENHES
1TV, DNAZHRIET R EWDI Z EIZRDETh,

B (HFAEE) EERB-L 2B XD, A AT O AN ROEY
MESI,, FNAERNE INENSIZ &L N AFLe—-FZ )TNV I AL
PCR THID, 20/ A S 0—FDORIZX->THETEIHENDVET, 20
SEFIO L EIZZ, ZREUTLY A LPCRBZHDE ZATRETIE AN T2
DL, BBEFEATEWIENISBEFL TEVERFA, 275 SR/ 4F0
oO— K%Y, ZOAEEZHML TRBEOFEREZTHOILIZRINLEENE
T

-
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w#H EIEN?
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Herpes Virus Infection, Epstein-Barr Virus, Signaling Lymphocytic-Activation
Molecule associated protein (SAP/SH2D1A)

Masami TakerY, Akiyoshi IsHiwaTa®, Ko MiTaAMURAY,
Kenji YaMaGamIV and Shigemasa Sawapal-?

YDivision of Hematology and Rheumatology, Department of Medicine, Nihon University School of Medicine
BDepartment of Internal Medicine, Nerima Hikarigaoka Hospital
ATokyo Research Laboratories, Kyowa Hakko Kogyo Co.

Herpes virus group viruses include cytomegalovirus (CMV), Epstein-Barr virus (EBV), herpes simplex virus 1 or 2
(HSV), varicella zoster virus (VZV), and human herpes virus-6, 7, and 8. These herpes viruses are transmitted by human
contact, cause primary infection, and may exist for several years in a latent state in healthy individuals. These viruses may
be reactivated by the dysregulation of the host immune system or possibly by virus mutation. In the present paper, we
describe the treatment and diagnosis of HSV, VZV, CMV, and EBV infection and discuss possible future treatments. Qur
proposed therapy is based on SAP (signaling lymphocytic-activation molecule associated protein) or SH2D1A (Src ho-
mology 2 domain-containing protein). SAP (or SH2D1A), an adaptor-like molecule expressed in immune cells, is com-
posed almost exclusively of a Src homology 2 (SH2) domain. In humans, SAP is mutated and either absent or non-
functional in X-linked lymphoproliferative (XLP) syndrome (Duncan disease), a disease characterized by an inappropri-
ate response to EBV infection. SAP is essential for late B cell help and the development of long-term humoral immunity.
The regulation of this molecule (SAP) could become the basis of a new therapeutic approach to the treatment of infections

caused by the herpes virus group.

Key words: signaling lymphocytic-activation molecule associated protein (SAP)
AWRATT A e ABBHE, Epstein-Barr 7 A )L A

E-mail: numtakei @med.nihon-u.ac.jp

I BEREIESR

B, ARETOLEERERSEOUBLEPLOHEAT
DANNVRAG AN ABREOERE(L, HIVEREE, B
HCHBRGER, BRERY 7 FRELR EAORENk
FBOERIZLAANVRATA VABERBORENAE
DERDETLETET LI ENEL L hoTnd, Flid
BRZY AV ARMEOS 13518 180 HEIAIEL
5, B, 3oREATH I ENTE, BHEK0308
DRENIBAL AV AR RZ T £ VA (HSV: Herpes simplex

(J. Nihon Univ, Med. Ass., 2004; 63 (7, 8): 299-304)

virus) DBEMEPE LS, 30-180 BRI, F
F—ORE, MBERFIZLZ 714V AFEREYNS 5.

ANz FETL VR, RS 74 VA (Respiratory
syncytial virus), 77/ 7 A NVA, NF AL T Ly
A NAEEDOTH R YA NV AREES EB A VA
(EBV: Epstein Barr virus), #4 R AH 07 A4 LA (CMV:
Cytomegalovirus) K& « WKEZ T A VX (VZV:
Varicella zoster virus) (1 = DA 2 —FEY -2 L
%, 7, 180 BEARORZRAIZ S CMV BREEZHY
REDE - HHDb. ZORIC EBV BENBEE)

20 E9R16H, SEI2004E9827H
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¥ NIKETE LB (PTLD: post-transplant lymphopro-
liferative disorder) L 6 R B0, ZOBTIREROETHE
BTABEDEVALRZ TSN AED HSV, CMV,
EBV, VZV I DWTHEST 2.

I TANADEHE AR AL IR

ANRATA WRAZZERG DNA 74 VAT, 200k
BaETENRL, MEERknI > No—752E5T5, &
TERERL, BIEEE LY VA EZFEETL LD
&%, HSV, VZV (ZEMRITH R L, 1) ¥ 35k
EBV & CMV 38 ERRT 5,

A. HSV

HSV (2122 DDREIASH U, HSV-1 1 EIZONE &S5,
HSV-2 RUBANVARIAEFRIT, Eh, ETESE, 45
HOERORNKI SRS T, SREETERTLE
bHDH, HOEME, SIKEEFEEL AL, 8231
3I~5HHETEY S Y E2ERL 10 B TRELT S, B
VYREOER, AR, OSAEEBCREI LS
A, WEREL LTIHFAYPRLS (HEE, Bk, M
KHLEZT.

B. CMV

CMV 2 DNA 74 VAT, HEAD 90%LL_EA/NIE
BIICHRT 5, B gAmcEEt L, SEisikET
BiEMt3haZ i sz, CMVIE, HIV BiEE, B
HRGEBHAORLIZV I VAR TTHRIZEEY
B3, BHEETIE1~3 P HOMIIRET L, B
FIROMEFERER O 6 7 AU L RET 2 TEM
PHhH, EKL, B, HEMENE i REEZX,
HERRE, ABEVHD, RICREEECRETRIL
HikEEmERTI L bd 5. HEERAR, £4&0F
HEEETS., CMV Eid, 208 E Higttiks &
5.

C. EBY

EBV MRt EBENEHAL L THAGA, EIZBY)
Y /SERIZEER L, Burkitt!) o5 FIEEEE A AR
T. F0OMIzh EBBVESOEBEEIZS (BEShTEY,
Hodgkin 33, B-lymphoproliferative disease, Oral hairy
leukoplakia, EBVBIEBZE L LPH D, BHERARATIE
80%LA LEEEE M 2 2. EBV BERREBHENEE L
MEETHY, BEERE, V730, PTLD 25[&8Z
T, PILD 3, @i 1EBIZRI A, BHEERETE
ZAHERFLHL. HE v F RSB E, NNE
D EBV OB LR R E T2 REFLERE X E
$HYU > IRBSREAEWREE  XLP $7:12, Duncani®) 2 &
PLEEESE EBY BEELHONTE Y, EELMNIR
RAEREBHARITILLHD, BEORHRLERE
RE, BHMERHE, U ongiEA, FEE, SmIk
& BB B B S D,

BARES

D. V&V

VZV B3R RTIIERRRIILOREE LTREL,
FiFR ) v sERCHIRER, MR R & THMY 2. 20%
25O OEMME A EER ALK LR TR
5. ETOREOMRITIRA 2. KEEFHL, I8,
B LTERT 5. KERBXOERES L ZIAE
BRI M EAR TR R+ 5. it
ENLT A VA REROBESTEBIOKE TR LH
WHEE L 2 5. HIEEEMER (post herpetic neuralgia,
PHN) *BRIZE L 5. SIHER, HEREHRE, HB.,
BIE, ©FVEERETIEOFIRES I Ramsay-Hunt
EEEFHE. WRESISBEILTHERRTS. &
Bl I TALERENDFSH L. BREEZRUTT
3.

Il EHRE - A% (Table 1)
A. HSV

EA
a. &z

WA OMRZET TIHEFEN L FARROARITH S
NE, TANATHDD 48 BEROMBIERL T,
PERETEA7TOFICLIMEHEO LETRE. MK
HHER LT RITHEERL, 9RE0OEHREL 2.

b. A&

. 7¥anEr (JSES 7 2®)

TLINENEANRABEEOEERTH2. B
BRI S AN v H, OEME, MEHE
ERLARERZ ENEREICIIES RS Tbh
A, BEFTIIERE S-10mgke/8hr T, BET7H
MEd 2. BEBE~AVARIL, 1000mg% 1 HSET
S BEEORST 4.

2. E¥FSEV(TIEF—A®)

R2VAVFEREEOR YA VAR, ¥¥5¥ iR
HSV 2%, FERMEEEE, OOMBRRE, PRERE Iz
LTHEBENTWE, BRORSOATIIREOHEAT
WEMXHY, BETIZ1I0-15mghkg T1B1HE7~10H
MSEEET 2.

B. CMV

a 2

CMV OEHTZ, HSV LE L mBint, £
EBUANARE(Y = WSA Y UE), REBAOY AL
ADNA DHEEFFARZ-oOB s 0—- U BHiHIz L2
RYMBI OB (7~ F4 % 3 T#), polymerase chain
reaction (PCR) i, insiu N 7Y F A ¥ -2 g &P
i, B2HREBTIANAOHAKETTIESLET
HhH, TANVAEETIIEEREIZCMY 2HET 2 7:
HIAFRICIEELE L AREYDH ) HREASHRERER
Thad. HiFHLIZT CMV-IgM HIREXEDTH
5.
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1230 1007 S AZIZMY ST

TWH v a1l ¥

X D]
FLEREE | 1 8Y/8w gZ1-3w 06
VRO TT P i 8 2

HAW Skl HMWUEE v MBwe (cyx—gy e ‘B
warndt BYEEN UNLTHED (go@#@aY EEEevAn
BEETALY 4o AFeNCO TN AN KT BHE 422402080 AWD @O SAIV AA KL | ek—KY ¥ L
HXHL MAHSHRE
LiTE  TRREE Y Y AFNVANCAL HegBd BMEHT 2800006 YA U AVARLALMEE
"y LRMEERE L EHeEH
10580448 % 8w e O | &4TE
‘LEBL 'ESHL % 3Wo00r
WYY "D F B SE WP 9wl
PEYEYL BE po@gomEsH X woeonl o
HOF vYuah ¥UWRHEE LyseaeMaaians o8
IRdfdeta 010 MMEFLE pgo HSsH I 3 Twoen ‘v
BT IEEEENe WM ccEs TURRE UWW MM MUB SHEM¥E viisan NAD 444
fMHL
1 H I3 30w 2 R
HYIETH STl % 3Ew
BT e £ SSNNEE FHOTOMEHT
&N AD &AL G YUuNE BEEE W 3weoot {Lo¥ERYA b 4Ok
NYEANADLAANL BEC@ BWY Dl TFTWHEIR {2 SAVEIIB I BEHAE
Bl (WU000ST XERNVTIRIL £ ADHWEGES WHRELVYE P/ ELEE B 1% 3WE00E 2134
Pt WwW/005 WENEchH BIR (YU ALTHPEITET BiBY AV anf e b4 SAIV Anl L AAQLOALK
N =R R |
U AR LY ST
YEOF 1M IIPHO R ¢ 2 UEHE
TN ST YU R SWO0E (4 7 %
ol oy PRI THHEHOF %
WoosEE H%SEHAS % Sbuw
01~S B 1 SV e B Ilis ‘o S RHICILONER %
46EZA  ‘HOI 2 MBwsI~0) B 1 Su0¥5E A—LXOEVNAOYLA ) &
BRITHE (YAEMEEE BHIMWUE AAQLALLYHYVHUVHE VLR LlL ZALERA YAk Lyl
2t [N T O T G — Zoum T HH— [:EN

uopdayu snia sadiol jo Adesay], [ 2qqel
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b. A8

FLrO¥N, HrisBVLRe?7+Ah—4Ay O
IR ANAK, BALREZO 7Y YEANCL B
CMV OFP5, HER, REBHBEOEFELUEL
7=,

1. 7Y 70EL(JEZ v 729)

CMV BESEDTHIZ7 L 7 n L KEREHIRS
b EDOHEPHD, FlLE, TRBHERZZ, 3200mg/
HOT»70¥hdsbawWidBETEOTHS L, 72
DY LOEHENZ oL OBER, BHBHEEC
CMV PRk LTT ¥ 2 g ¥l 500 mg/m? % 8 BRI
SUEEHEL 7243 5 B 100 BULLAOEFMA L
Mol ETHBLY,

2. HeyoOBn (F/ L0

FT=VOFEEET, Tor7ubloilistBHLT
Wwh, Smghkeg ¥ 12 BEMEICAE L, 14~21 HEE
. MEREISmghgl H1EFE7TELETHS,
CMV BELICOWTRIEEIZL ZEEHRSVEL LN
Twi, TLAYEMRCEELETS. ICOMVED
fbfRiEy D7)~ 25~5¢/0, 3 HEO Sk
TH5IEbHE. Y7 OEAOL0O#ES (1000 mg
Z1H3H, 28 BED A, HFHEFL LTRESATY
%,

8. 7ARBH—F v kN (FRHENS)

Hri 2 OUABERLIRERTELVES, 74
AH =% b 60mgkg & 8 BRI 242 14~21 BRI
BHEL, 90mg-120mg/kg 1 B 1 Bl SiE8ECHiFT 5.

C. EBY

a. 2N

EBV DR EREE D, ZhAEFNIZERNS
B, A MRS T FEE 1gG, IgM (VCA: Viral
Capside Antigen) 278 ), IgM BEATEOHB L, 1gG
HAEY LR LEST S, —EBOICHY 4 VX BHHER
{k (EA: Early Antigen) 2°2% 5 h, . EBV HEMES
#UJR (EBNA: EBV Associated Nuclear Antigen) $i4%&
HEhD. ¥ EBV-VCA IgM HEXBHT, i EBNA
WEPREDOB &I, MEkLE2RT, EBV OBERLT
t&, #L EBV-VCA IgG #ifk L i EBV-EA filknE1E,
BMEEE R CI3H EBNA IO BIEXZH LR 2,
TANAOBEIIE, B3, RIREEEO EBNA O
Hi, insim N4 7V ¥ A E~LarE@izoAVAdE
# 2 ¥ —-HH'% { BE A% > EBER: EBV encoded small
nuclear RNA B L PCRZI LI BT A VLAY S AD
BENTL LIS, HOOER Y /%% Paul-Bunnel
Fioit EBV BIEQSZE NS EII L 4,

b. AR

EBV B PTLD BH (2, BESICL hRENHA
OFWE, 74 VAE, 41 vy —-7z0y, {b3EED
—MRIZAVWLN S, —EDHRIIETVEW, BEO

B KEEEE

H|E T EBV FFRINHEMREEE T ORLHY LT PID
DE#HPRALR T2, FAIMIZIL EBY Bt
BHEIY, EEsBTHECEREEN, NXAEER
BLEFH256101, BEEEATOS FERL b K
PE(GRTy O R XD EREL ENEILAD
B, SEHORHEIFENS,

D. vZv

a. 28

PR L BEEER LRSS O HENERIC 2 &
N3, BECREEIL TEVIESRATIUE L 244k
DB 2 P BERLEOBEEIEM 7 5 A0HEEN LA
ATHMTA, KRNI A VANEET L0740
ADGHESLEL LHTT 3.

b, B

L 7¥arer (JET v 7 Z0)

TYIANEAIANARARBENE BN THL, &
WEFEIBOT000mg 2 105, 7HTFC. EEE

1Bl Smghkg & 8EFMET 1 B3 @7 B EHEET
3.

2. BN Z 2 OENL OV v A9

3000mg * 1 H 3 [, FRBESESHBASBUNTH
ZEORET 5.

3. BREAOKET 7 F OB RESORES
FEBTES.

V. §xoRx

EFIERIEA LA RBEYLREL, BEOE
A2 UCRBERCE DS T BR6E L CTRIEE 2 RUE L TRy
HERLLTWE, ZORMAEREEXIZH LS
EFORENLZ SN, AFTOREOFENFHESh
DHDH, JOREYRMEELTEEREIC L 5 ELH
LT » T BBIZTFH* SAP (signaling lymphocytic acti-
vation molecule associated protein: SLAM associated pro-
tein) EIHER TV D, ZORGEFOXRBIINEDEB v
AW A OEFER R IERAE > ML T2 RERSERRE
(X EEHY) /S ERISFAMEEE: XLP ¥ /212 Duncan %) %
EERTIIETHDLTRESALY, BT ORE
SIS IgA BHED K BNFRBRET OREF % FDD (fluo-
ressein differential display &) THENIZITo B 0E
ZFERRL, 70—y 7ifTuEAR, BEEHOH
B (B 2AFE S W098-24899) # LTw: %, T4 1IREES
Vo =F (RA) CEHEMNLEB VI VA LORSEHE
LT&7:47, SAPBIEZTORBENRA W THRTE
WIEERRL (WEES PHII-154625%, 07O
T— 5 —HBIIERFHLIIEEREL TV,

SAPIXSH2 FAL v OA%ETRT V75 ~BEK
(128 7 3 JEE) THEILDOBETE EK - T & /- natural
regulator £ VA A LDT, Y FMEEOEHIEE S >
FeELTEELFEHZRALTYE, THREE NK#5
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CD4 T cell
fﬁ SAP
n4? IFNT 1
i s
TGOS

DHTEIRMIZEIR L, SLAM (signaling lymphocytic
activation molecules, CD150)-family receptor (CD2 7
77 31} — ; SLAM, 2B4 (CD244), LY9 (CD229), CD84,
NTB-A) O#AY Y E{bF O > (TIYXXV) IZHEE
L, SRC #+—¥D Y # H— ML B SLAM (CD150)-
family receptor D ¥ FNVAZEFHE L TWw3%'19,
SLAM i, BZEYINVADL 2T 5 ~Thh, BEY Y
RFPEREBMEIIIMF LTI I LSRG ENT
VA, SAP 3, #l2PiZ35 T Dokl (RAS-GAP, CSK,
NCK t#EEMT2) L 4 4£E& L, NF-xB Otk
BEELTWwAZELIEEsh0,

BiZ, SAP REBNLHEMERE#HE TS 01040
ETH5erBAERASN L EEERE T2 75X
TR A - BHREIRPN AR ENEE S
MBS THh, TLTREERIEILAEOTZF VA
2O TRFRERICL o THDTEEL LD TH A, SAP
2T T I I ADEFNEEFEoTRER GBI
5 SAP ORFIFBITIN TS, SAPORRERL~
VAT, TANAREOE, BLVWANO G HER
DREZDD, "I VAFENLRBEE Y7 X <8l
BLUATY —BHIBRMIHIRELEIIREL TR I LA
HHLTYvL, BETBAERTHE, SAPRIEB @ik
E¥THD, REBIICD4+THRIZSA I LIRINT
VW2, SAP I, MEIRRIZB A B AIRRICHT AEY
RYTFARAAA v FIRIFETH LY, HHREOBAR
AT SR EHS 2 AR REOR ISR RT
HELZEMbhoTwna, ZOLFIZSAP X, RES
BORZIIPLHLREERLLTVBIEg ).

7, SAP B Tht AOBERITFIL, Tha ~O44t

AR YA N AR OIE

303

IFNT ¢
DA N AERBREEY

Fig.1 SAP is essential for development of long-term humoral immunity and killing of viral infected cells.

ERBTIEHMEEINE. SAPD /v T bR T
i, CD4+THBP LD IFN-yEENET D, b3
Thl #HRA~NOF{EABHES NS, —F, SAPO ISV R
Vrzy 2T AT, IL4EENFHT D, Th i~
DFEARO NN, LLEDS SAPIX, ~loS—TH
BBEOEELRHTHE-TWwILEEL LN,

72, SAP (Z{E dual functional role P& & T TH
), 7+ A7 75—+ SHP-2 124t LT SAP @ SH2 F #
A > > phosphotyrosine-binding motif %/ LT SLAM @
MEAFAMYOFOL ) VBRI THEERFE L
THRE L SAP O SH2 ¥ A A > D phosphotyrosine-
binding motif & {3#7% % second region %4~ LC FynT @
SH3 FX A HEMERL, FynT (PTK) @ SLAM ~&
Do — 12 EETAET Y7L LTORE (SLAM-
SAP-FynT complex % 5. — FynT @) ~E{k#se i
WH)Z T AF 2 FHER, ) CEEEESERES AT
WAL TP NEE) LTV 513718,

HSV 22 CMV L EDALSRZ o A 0 A S L5
TAERIFBRLE LI A L AERLGE T
YTOBRIFILIRTWSDS, EBV IS 2 kR
37, B ENb08 %, 4L EBVHEEERESRK
BERSHEOFEIFL-A TS,

EBV ESERBIIEN) ¥ 5 B, & MBHRER
&, REBHEZENRES, BEARA, £ 7
7 b —=7A, Sjogren fERE L &) DIGEFHIIE ML
Lo EEtEA S b, XLP (Duncan %) DEBEERREZT
(SAP) DRERE L ER LIS EREOBEO BN
RIS RBOF - 2EBRORRIIOLSZ D LER
Hhb, BEMLAEE LTI SAP EET %M
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Fa R MR (2 A 2 BIZTFIEH R SLAM (CD150)-
family receptor (SLAM, 2B4, CD48,LY9, CD84) I 7+
MEET +- (BT 5 EHF) (Thi2 237 ¥ X#HE),
BT A NAEDBEBCRIT, TrFrONREHE
Li-0Edin+ 53R, SAP #BEEOMEERIIR, ~
N—THE» LD IL-4 DEEYFDHF A — 7 Tho &R
O Th2 BRE~OMEEFFE L, Thi/Th2 /35 » 2 % Th2
~EGTAERE 2 Y, EEGECHELE!, EBVHEES
DEFE, THELLTORENELLNE, el
DEREFHICE DL BIZT (SAP) DHMMMEEL ERT
BN BRIIETBEELTWAZ EREOSFEF
ALAFLEBEORRELEEKEICLH2 EZ4
%,

X #
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Distinct roles of Smad pathways and p38
pathways in cartilage-specific gene expression

in synovial fibroblasts
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The role of TGF-B/bone morphogenetic protein signaling in the chondrogenic differentiation of human
synovial fibroblasts (SFs) was examined with the adenovirus vector-mediated gene transduction system.
Expression of constitutively active activin recepror-like kinase 3 (ALK3%4) induced chondrocyte-specific
gene expression in SFs cultured in pellets or in SF pellets transplanted into nude mice, in which both the
Smad and p38 pathways are essential, To analyze dowmstream cascades of ALKS signaling, we utilized ade-
noviras vectors carrying either Smadl to stimutlare Smad pathways or constitutively active MKK6 (MKKG4)
to activate p38 pathways. Smad1 expression had a synergistic effect on ALK3%%, while activation of p38 MAP
kinase pathways alone by transduction of MKK6%* accelerated terminal chondrocytic differentiation, lead-
ing to type X collagen expression and enhanced mineralization. Overexpression of Smad1l prevented
MKK6%A-induced type X collagen expression and maintained type Il collagen expression. In a mouse model
of osteoarthritis, activated p38 expression as well as type X collagen staining was detected in osteochon-
drophytes and marginal synovial cells. These results suggest that SFs can be differentiated into chondro-
cytes via ALK3 acrivation and that stimulating Smad pathways and controlling p38 activation at the proper
ievel can be a good therapeutic strategy for maintaining the healthy joint homeostasis and treating degen-

erative joint disorders.

Introduction

Injury to the articular carrilage occurs under various pathological
conditions such as trauma, inflammation, and aging (1), and car-
tilage injury is followed by ostecarthritic changes of the affecred
joints. Ostecarthritis is the most common degenerative joint dis-
order, affecting nearly half of the elderly population. Ostecarthri-
tis is characrerized by degradarion of articular cartilage and over-
growth of cartilage and bone, known as osteophytes, ar the
periphery of the articular surface, which resules in pain and loss of
joint fuaction (L, 2). Microscopically, loss of proteoglyran and fib-
rillation of the articular sutface are observed at the early stage of
arthrids. At larer stages, clefts are formed, and at the end stage, ero-
sive changes in the articular cartilage appear. The high prevalence
of this disease results in high costs for rreating pacients, and there-
fore the development of good therapeutics for ostecarthritisisa
matter of great urgency. Because of the limited capacity of sponta-
neous healing, the regeneration of intact articular cartilage is one
of the most challenging issues in: the orchopedic field (3, 4). Trans-
plantation of autologous chondrocytes or mesenchymal progeni-
tor cells and autogenous osteochondral transplanracion (mosaic-
plasty) have been successfully urilized for the repair of focal
osteochondral defects (3, 5-11). However, the apphication of these

Nenstandard abbreviations nsed: antetior crudiare ligament (ACL), bone
marphogenetic prozein {BMP); consritutively acrive aceivin recepror-like kinase 3
(ALK3'4); constirudvely acrive MRKS (MERG™); hemagglutinin {(HA); mateux
metalloproteinase (MMP}; medizl meniscus (MM); ostevarthritis (OA); receptor-
regulated Smad (R-8mad); sviovial fibroblase (S£); TGF-f-activating kinase 1 {TAK1).
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technologies is liinited to small defecrs due to the difficulty of
obraining a sufficient amount of cells or tissues.

Synovium is a thin tissue lining the nonarticular surfaces of
diarthrodial joines (12). Synovial tissues contain various types of
cells, including rype A cells, macrophage lineage cells, and type B
eells, which are specialized synovial fibroblases (SFs). It is now wide-
ly recognized thar synovial tissues are involved primarily in the
pathogenesis of arthriric joint disorders such as theumatoid arthri-
tis by producing the marrix-degenerating enizymes cystein proteas-
es and martrix metalloproteinases (MMPs) and the proinflammaro-
ry cytokines inrerleukin-I (IL-1) and tumor necrosis facror-g
{TNF-tr) {12). We previously reporred thar 5Fs express a high level
of receptor activator of NF-xB ligand, the osteoclast differentiation
factor belonging to the TNF-o superfammly {13). In contrase to such
catabolicactions, there is accumnulating evidence that synovial celis
have anabolic effects, leading to bone and cartilage production.
Hunziker and Rosenburg reported that synovial cells can nvigrate
into partial-thickness articular cartilage defects, where they prokif-
erate and subsequently deposita scar-like tissue {14). Nishimura et
aL (15) demonstrated SFs show chondrogenic differentiation after
being cultured in the presence of TGF-, and de Bari ec al. recently
dermonstrated that multipotent mesenchymal stem cells could be
isolared from human synovial eissues, which differentiated into
chondroeytes as well as osteoblasts. adipocyees, and myotubes
under proper culture conditions (16, 17). Another dramatic clinical
manifestation of the chondrogenic potential of synovial rissues is
synovial chondromarosis, a tumor-like disorder characterized by the
formation of mulriple cartilaginous nodules, which is believed to be
benign reactive mecaplasia of synovial cells (18). These observarions
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lead us to speculate thar synovial tissues contain mulripotent cells
with chondrogenic porential that might be involved in the repair
process of articular cartilage defects and therefore mighe provide a
good source for engineering articular carcilage.

There is accumulating evidence that TGF-B superfamily cyrokines
play an essential role in bone and cartilage development. Wozney
and coworkers {19) reported that bone morphogenertic proteins
{BMPs) induce early carrilage formation, and various studies have
shown that TGF-B induces chondrocytic differentiation of undif-
ferentiared mesenchymal celis (20-22). In the present study, we ana-
lyzed the role of TGF-B/BMP signaling on chondrogenic differen-
tation of human §Fs by using the adenovirus vector-mediated gene
transduction system, The introduction of an activated mutant of
ALK3 {constituitively active activin receptor-like kinase 3 [ALK3®A]},
also known as BMP rype IA recepror, induced chondrocyte-specific
marker expression in the cells. ALK3 signaling involves rwo differ-
enr downstream cascades, the Smad pathway and the p38 MAP
kinase pathway. We used 2 combinacion of adenoviral gene delivery
and chemical inhibirion ro analyze the role of chese rwo ﬁgn‘\lmg
cascades in inducing differentiation of SF cells toward 2 chondro-
cyte phenotype and found that both pathways are essencial for

- chondrogenic differentiation. Interestingly, activation of p38 path-
ways alone induced markers of terminal chondrocyte differentia-
tion, type X collagen expression and mineralization, which was sup-
pressed by Stnadl coexpression. These resulrs suggest thar both the
Smad and p38 pathways are necessary for chondrogenic differenti-
atior of SFs and that the balance between these two pachways derer-
mines the stage of differentiation.

Methods

Chemicals and antibodies. Alpha-modified minimum essential medi-
um (-MEM) was purchased from Gibco BRL, Life Technologies
Inc. (Rockville, Maryland, USA), and fetal bovire serum (FBS), from
Sigma-Aldrich (St. Louis, Missouri, USA). Anti-p38 MAPK and
anti-phospho-p38 MAPK (Thr180/Tyr182) were obtained from
Cell Signaling Ine. (Cummings Center, Beverly, Massachuserrs,
USA). Anti-Flag was purchased from Sigma-Aldrich, and anti-
hemagglutinin (anti-HA) was from Santa Cruz Biotechnology Inc.
{Santa Cruz, California, USA). Anti-phospho-Smad1/5/8, which
recognizes the phosphorylated form of Smadl, Smad 5, and
Smad8, and anti-phospho-Smad2 were from Cell Signaling Inc.
Anri-type II collagen was purchased from Qncogen (Boston, Mas-
sachusetts, USA) and anti-type X coliagen was from LSL Co.
{Cosmo Bio, Tokyo, Japan). Other chemicals and reagents used in
this study were of analytical grade.

Isolation of SFs from buman synovial tissues. Synovial cells were
obtained as previously described {13, 23, 24). In brief, with enzy-
matic digestion, human synovial cells were isolated from synovial
tissues of the knee joints of ten rheumaroid arthritis patienrs
{37-75 years of age; mean, 60.3 years of age} ar the time of total knee
arthroplasty operations. Written informed consent for subsequent
experiments was obtained from each patient. Cells were suspended
in o-MEM containing 10% FBS and were cultured in monolayers.
After three to five passages, subcultured cells were composed of
morphologically uniform fibroblastic cells (SFs) that were free of
macrophages. They were infected with adenovirus vecrors and cul-
tured in pellets (“peller culrure”). Primary chondrocyres were
obtained from articular cartilage resected during the surgeries. Car-
tilage was minced finely in phosphate-buffered salire {PBS}), and
chondrocytes were isolated by sequential digestion ac 37°C with
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0.25% (weighe/volume) trypsin for 30 minutes and with 2 mg/ml of
clostridial collagenase in o-MEM containing 10% FBS and antibi-
otics (penicillin at 100 pg/ml and streptomycin at 100 pg/ml)
overnight on an orbital shaker. Cells were isclated by centrifugation
and were resuspended in o-MEM with 10% FBS. Ceils were cultured
i roonolayers for 1 day and then subjected to RINA isolarion.

Constructsand gene transduction. The recombinant adenovirus vectors
carrying various molecules that rnodulate TGF-B superfamily signal-
ing pathways, that is, HA-tagged constitutively active TGF-B/BMP
type I receprors (ALK3%, ALKSYA, and ALK6™), constitutively active
MKK6 (MKK6%), Flagtagged Smadl and Smadé with CAG
{ovtomegalovirus IE enhancer + chicken B-actin promoter + rabbit
P-globin poly(A) signal] promoter, were generated by the DNA-ter-
minal protein complex method (25-27). SFs were infecred with aden-
ovirus vectors following a merhod previously described (13). 12 skort,
subconfluent SFs were incubated with a small amount of medium
(-MEM without serum) thar contained the recombinant aden-
oviruses for 2 hours at 37° C at the indicared multiplicity of infection
(MOTI) and then with 10 times more medium to which 10% FBS had
been added. Infected cells were cultured for addirional 3 days for
assessmment of chondrogenic gene expression or were subjected to pel-
ler culrure 24 hours after the infection for hustological examination.

Feliet cultures of isolated SFs. Afrer 24 hours of viral infection, adhet-
ent cells were trypsinized and cells numbers were ascertained.
Aliquors of 5 x 105 ceils were spun down at 500 g in 15-ml polypropy-
lene conical tubes in § inl of «-MEM with ascorbate 2-phosphare
(0.1 M) and 10% FBS. The cells were incubated at 37°Cin 5% CO..
Within 24 hours after incubation, the cells formed a single, free-
floating pellet. The medium was changed every 2-3 days, and dupli-
cate pellets were harvested after 3 and 7 days for real-time-PCR and
Northern blotting and after 3 and 5 weeks for histological and
immunohisrochemical analysis. For visualization of the cheondro-
genic differentiation in vivo pellets were transplanted subcura-
neously into ne/ns BALB mice {(nude mice) after 3 days of peller cul-
ture. Mice were sacrificed § weeks after transplantacion and the
pellers were recovered and subjecred to toluidine blue staining as
well as immunostaining with anti-type II collagen,

Immunoblotting, All the extraction procedures were performed at
4°C or on ice. Cells were washed with PBS and then lysed by the
addition of TNE buffer (1% NP-40, 10 mM Tris-HCI, pH 78 150
M NaCl, 1 mM EDTA, 2 mM Na;VQy, 10 mM NaF, and 10 yg/ml
aprotinin). Lysates were prepared by centrifugation ar 10,000 ¢ for
20 minutes. An equal amount (15 ug) of proteins was separared by
elecrrophoresis on 10% SDS-polyacrylamide gels. After electro-
phoresis, proteins were electronically transferred onto a nitrocellu-
lose membrane. Immunoblotzing with specific antibodies was per-
formed with ECL Western blotting reagents (Amersham Co.,
Arlingron Heighrs, Illinois, USA) according to the conditions rec-
ommended by the supplier.

Histology and immunostaining. Peller culrures were fixed with 3.7%
formaldehyde, embedded in paraffin, and cur into sections 4 pm in
thickness. Representative sections were subjected to Alcian blue stain-
ing, Alizarin red staining, and immunchistochemistry. Alcian blue
staining was performed according to the protocol described previ-
ously (28). Briefly, after deparaffinization, sections were stained with
0.5% Alcian blue 8GX (Wako, Osaka, Japan) in 0.1 N HCI for 1 hour.
Mineralizarion was assessed by Alizarin red staining, In brief, sections
were irmmersed in Alizarin red solution (40 mM, at pH 4.0) for 8 min-
utes at roorn temperature, and nonspecific staining was removed by
severa] washes in distilled water. For immunostaining with anri-rype
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If collagen: or anti-type X collagen, we utilized a CSA Kir (DAKO,
Carpinteria, California, USA) following the manufacrurer's protacol.

“Total RNA extraction and real-time PCR. Tota! RINA was isolared from
5Fs with ISOGEN (Wako) following the supplier's protocol. Com-
plementary DNA (cDNA) was synthesized from 1 jg of total RNA
with the Superscript I reverse transcriptase kit {Invirrogen, Carls-
bad, California, USA). For real-time PCR, the ABI Prism Sequence
Detection System 7000 was used. Primers were designed based on
sequenices obtained from GenBank and amplicons of 50-250 base
pairs with a melting remperature of between 55°C and 60°C were
selected. Aliquots of first-strand ¢cDNA (1 ig) were amplified with
the QuantiTect SYBER Green PCR Kit {Qiagen, Valencia, California,
USA) under the following conditions: initial denaturation for 10
minutes at 94°C followed by 40 cycles consisting of 15 seconds at
94°C and 1 minuce at 60°C, Dara analysis consisted of fold induc-
tion, and the expression ratio was calculated from the differences in
threshold cycles at which an inerease in reporter fluorescence above
a baseline signal could first be detected among three samples and
was averaged for duplicare experiments. The primers we utilized in
real-time PCR to detect sox9, type II collagen, type X collagen, osteo-
calcin, osteopontin, and GAPDH were as follows: sox9, 5-AGAAG-
GACCACCCGGATTAC-3 and 5-AAGTCGATAGGGGGCTGTCT-
3% type 1 collagen, 5-GGTGGCTTCCATTTCAGCTA-3" and
5 -TACCGGTATGTTTCGTGCAG-3; type X collagen, 5-AGGAAT-
GCCTGTGTCIGCTT-3 and 5-ACAGGCCTACCCAAACATGA-3;
osteocalcin, 5-GTGCAGAGTCCAGCAAAGGT-3 and 5-CGATAG-
GCCTCCTGAAAGC-3: osteopontin, 5-ACAGCCAGGACTC-
CATTGAC-3" and 5-ACACTATCACCTCGGCCATC-3; and
GAPDH, 5-GAAGGTGAAGGTCGGAGTCA-3 and 5-GAAGATG-
GTGATGGGATTTC-3".

Northern blotting. Equal amounts (15 g} of RNA were denatured in
formaldehyde, separated by 1% agarose gel electrophoresisand trans-
ferred to z nitrocellulose membrane {(Hybond N*) (Amersham Phar-
macia, Piscataway, New Jersey, USA), foilowed by ulrraviolet cross-
linking. ULTRAHyb hybridization solution (Ambion, Austin, Texas,
TUSA} was used according to the manufactarer’s protocol The blots
were hybridized with a cDNA probe labeled with je-*2P]dCTP using
Ready-To-Go DNA Labeling Beads (Amersham Pharmacia). Rabbix
type Il collagen and aggrecan probes were generously provided by
Yoshiyasu Iwamoro {Thomas Jefferson University, Philadelphia,
Pennsylvania, USA). Membranes were washed in 2x S8C for 15 min-
utes at 42°C and then in 0.1% SSC for 30 minutes ar 65°C. For visu-
alization, X-ray film was exposed ro membranes overnight at -80°C.

Osteoarthritis model mice. Ostecarthritic changes were developed in
the knee joint by transection of the anterior cruciate ligament {ACL)
and medial meniscus (MM) in C57BL/6 mice (mean age, § weeks) (29,
30). Briefly, after mice were anesthetized with ketamine and xylazine,
amedial parapatellar skir incision was made, The subcutaneous tis-
sues were incised and retracted, along with the articular capsule. The
medial compartment of the knee joint was visualized and the ACL
and MM were transected with a scalpel, and thereafter the capsule.
medial rerinaculum, and skin were sutured. Mice were housed in reg-
ular individual cages and allowed to exercise. Eighr weeks after the
surgery, the mice were sacrificed and paraffin-embedded sections of
the affected joints were immunostained with anti-type X collagen
and anti-phospho-p38 {Cell Signaling Technology Inc).

Results
Adenovirus-mediated gene transduction modulates the Smad and p38 p.ath-
ways in 8Fs. We previously reported thar adenovirus vectors can effi-
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ciently transduce foreign genes into synovial cells both in vitro and
in vivo and that adenovirus infection itself does nor affect the phe-
notypes of the cells (13). We constructed adenovirus vectors to ana-
Iyze the role of ALK signaling as well as the Smad pathways and p38
pathways, which lie downstream of ALK signaling. SFs were infect-
ed with adenovirus vecrors carrying various signaling molecules that
modulate TGF-B superfamily signaling pathways, that is, HA-tagged
constirutively active ALK3, ALKS, and ALK6 constitutively active
MKKS, and Flag-tagged Srnadl and Smad6, as wellas a control virus
carrying the B-galactosidase gene (LacZ virus), and gene expression
was derermined by immunoblotting with specific ancibodies. As
shown in Figure 1, clear induction of the genes encoding ALK3%4,
ALKS5% and ALK6“* was observed by immunoblotring wich anti-HA
(Figure 1A), and Smadl and 6, by anti-Flag {Figure 1B). ALK3% or
ALKE gverexpression induced phosphorylarion of Smad1, Smads,
and Smad8 i SFs, and ALK5%*-transduced cells showed Smad2
phosphorylation (Figure 1A). MKK6“A virus infecrion specifically
activated p38 pathways in 5Fs, and the pathways were also activat-
ed in ALK3%-rransduced cells as derermined by Western blotring
with anti-phospho-p38 (Figure 1C). The increased p38 phosphory-
lation induced by either ALK3* or MKK6%* overexpression was sup-
pressed by the p38-selective inhibitor SB203580,

Induction of chondrocyte-specific gene expression by ALK3%A transduction
in pellet cultures of STs. Tor determine the effects of these transduced
gene products on chondrocyte-specific gene expression in SFs, we
subjeceed infected cells ro pellet culture. After 7 days of culture,
clear induction of type I collagen and aggrecan genes was observed
in ALK3“A-transduced cultures by both Northern blor analysis (Fig-
ure 24) and real-time PCR (Figure 2, B and C). Expression of these

2nes was also observed in ALK6%A-transduced culrures, albeir less
efficiently, as shown in Figure 2, B and C, by real-time PCR. Con-
trary to the strong chondrogenic effects of ALK3% virus, expression

A HAtag
p-Smad1/5/8

P30 g i y— y—
Acting W Snng, s S s

FE S

Figure 1

Moduiation of intracellufar signaling pathways by adenovirus
vector-mediated gena transduction into SFs. (A) SFs at passage 3 were
transduced with HA-tagged constitutively active ALK3, ALKS, and ALKS,
and the expressed products were detected by immunoblotting atter 2
days of viral infection. Expression of these genes was detected by
immunoblotting with anti-HA and phosphe-Smad1, -Smad 5, and Smada
{p-Smad1/5/8) was chserved in cells exprassing ALK30A or ALKG%, and
p-Smad2, in cells axpressing ALKSSA, (B) Expression of Smadi and €in
SFs was determined by anti-Flag. (C) Adenovirus vector—mediated ALKCA
or MKKB% expression specifically activated p38 pathways in SFs, as
determined by Western blotting with anti-phospho-p38 (p-p38). The
increased p38 phosphorylation induced by ALK3% or MKKE®A overex-
pression was suppressed by the p38-selective inhibitor SB203580.
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of osreocalcin or osteoponrin was hardly devecrable in the cells (Fig-
urz 2, C and D), indicating that hypertrophic and osteogenic dif-
ferentiation were somehow blocked in these cultares, In contrast,
neither type il collagen nor aggrecan gene expression was observed
in ALKSA virus-infecred cells {Figure 2, A-C). Tvpe Il collagen and
aggrecan expression induced by ALK3%4 transduction was com-
pletely suppressed by coexpression with Smadé or by $B203580
(Figure 2, Band C).

ALK3 gene transduction increases Alcian blue—positive matrix and type IT
collagen deposition in pellet cudtures of SFs. For histological analysis, cells
were subjected ro peilet culture 24 hours afrer the viral infection.
After 3 weeks of pellet culture, cells were fixed and examined by
Alcian blue staining (Figure 3, A, D, G, and I) and Alizanin red stain-
ing and type I collagen immunostaining (Figure 3, B.E, G, and J)
and type X collagen immunostaining (Figure 3, C and F). ALK3%
virus-infected cultures showed cartilageous matrix production thar
was strongly positive for Alcian blue staining (Figure 3D), while no
positive staining was observed in LacZ virus-infecred culrures (Fig-
ure 3A) or ALK5C* virus-infecred cultures (Figure 3G), and oaly
weak staining was observed in ALK6%A virus-infected cultures {(Fig-
ure 3H). No Alizarin red staining was observed in ALK3™-infected
cultures {not shown), indicating that mineralization associated
with osteogenic differentiation was not induced. ALK3®
virus-infected SFs showed an oval shape, morphologically remi-
niscent of chondrocyres (Figure 3D). Immunostaining with
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Figure 2

Effects of ALK3®, ALK554, and ALKG™ expression on chondrocyle-spe-
cific gene expression in 5Fs. (A—E) Gene expression in SFs, as dster-
mined by Northern blot analysis (A) and real-time PCR analysis {(B~E).
Subcenflusnt monolayer SF cultures were infected with adenovirus vac-
tors and they were then subjected to pellet culture 24 hours after viral
infection; mRNA extracted from the peliets after 7 days of cuiture was
then analyzed. Expression of fype It collagen (Col Il) and aggrecan was
clearly induced in ALK3%™-expressing cultures, as shown by Northern biot
analysis {A) and real-time PCR analysis {B and C}; this was suppressed
by Smadé coexpression and SB203580 (B and C). Expression of type |l
collagan and aggrecan was also observed in ALK6%-expressing cul-
1ures, albeit less efficiently, a5 shown in B and € by real-time PCR. Nei-
ther the osteccalcin nor the osteopontin gene was induced by ALK3CA
virus intsction (D and E). PC., positive control, which represents the
Northern biotting using mRNA of primary chondrocytes. N.S., not signii-
icant; *P < 0.001; "*P < 0.005 (significantly different).

anci-type II collagen showed positive staining in ALK3®*
virus-infecred peller cultures (Figure 3E) and weak staining in
ALK6®A virus-infecred culrures (Figure 3H), while we failed to
detect type X collagen in ALK3% virus-infected cultures (Figure
3F), which suggests an absence of terminal differentiation to hyper-
trophic chondrogyres. No positive type Il collagen immusiostaining
was derected in LucZ virus-infected cultures (Figure 38) or ALK
virus-infecred cultares (Figurs 3H).

ALK3%-trunsduced SFs after pellet culture form cartilage matrix in vive.
To study chondrogenic differentiation of SFs in vive, we subcuta-
neausly transplanted the pellers into nude mice. Mice were sacri-
ficed 3 weeks after the transplantation and the pellets were recov-
ered and subjected to histological analysis. The transplanted SF
pellets expressing ALK3%* were positively stained for toluidine blue
(Figure 4C), which detects proteoglycan components, as does Alcian
blue staining. Type I collagen immunostaining was also positive
(Figure 4D), indicaring the cartilaginous differsntiacion of che cul-
tures in vivo, while Alizarin red staining was almost undetecrable
(data nor showrn). ALK6%4 expression also induced chondrogenesis,
albeit much less prominently (not shown), while neither LacZ (Fig-
ure 4, A and B) or ALK5¢4 (not shown) expression could induce
chondrogenic phenotypes in the cultures. The histological obser-
varion was further confirmed by real-time PCR; expression of type
Il collagen and aggrecan was significantly higher in ALK3“-trans-
duced pellets (Figure 4, E and F). These results suggest that ALK3®
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overexpression was able to target cartilage formarion without sub-
sequent bone formation in vivo.

Segregation of ALK signaling pathways. ALK signaling is known to be
mediated by both the Smad pathways and MAP kinase pathways,
especially the p38 pathways (31-33). We therefore artempted to
distinguish the roles of the Smad pathways and p38 path-
ways from each other using a specific p38 inhibitor or ade-
novirus vecrors, Smad6 coexpression or treatment of che
cultures with the p38 inhibitor SB203580 completely
abrogated the chondrogenic gene expression induced by
ALK 3% (Figure 2, B and (). These results indicare thar
both the Smad pathways and the p38 MAP kinase path-
ways are required for the differentiacion. Although Smadl
expression alone (MOI = 20) or a smali amount of ALK®A
virus (MOI = 2} failed to induce type I collagen expression
in 5Fs, both had synergistic effects, and robust upregula-
tion of type 1l coliagen gene was observed by coinfection
of Smadl virus (MOI = 20) and ALK3¢4 virus (MOI = 2)
{Figure 5A). Interestingly, activation of p38 pathways
alone by MKKG® expression in SFs induced rapid induc-

ALK

Agure 4

ALK 3% transduced SFs form cartilage matrix in vive. {A-D)
Three weeks afier transplantation into nude mice, pellets were
recoverad and stained with toluidine blue (A and €} and
immunostained with antitype |l collagen (B and D). Type I col-
tagen immunohistochemistry was shown in the entarged fea-
tures of the rectangular area in the toluidine blue staining. Dis-
finct positive staining was observed in ALK3®-expressing
cultures {B and D} in contrast to LacZ virus—infected cultures
(A and C). Scale bars: 100 pm. (E and F) Real-time PCR anal-
ysis of type |l coltagen and aggrecan. Their expression was sig-
nificantly higher in ALK3%-expressing pellets than in LacZ-
expressing pellets. *P < 0.001 {significantly different).
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Figure 3

AL K3% gane transduction increases Aleian blue—positive matrix and type
I eollagen deposition in peliet cultures of SFs. {A-J) Adenovirus—intect-
ed SF pellets were fixed with 3.7% formatdehyde after 3 weeks of culture
and then were subjected 1o Alcian blue staining (A, D, G, and [) or
immunostaining with anti-type |l collagen {B, E, H, and J} or anti-typs X
collagen {Col X) (C and F). Distinct Alcian blue (D} and type 1l collagen (E)
staining was observed in ALK3%A-expressing cuttures. AL K6%-expressing
cultures showed weaker staining (| and J}, and no positive staining was
cbserved in ALK5® virus—infected (G and H) or LacZ virus—-infected (A
and B) cu'tures. No type X collagen immunostaining was obsarved in cul-
tures expressing LacZ or ALK3™ (C and F). Scale bar: 100 pm.

tion of Sox% and type II collagen, which declined rapidiy, however,
and type X collagen expression was subsequently increased (Figure
5B). Coexpression of Smadl together with MKK6“* not only
reduced rype X collagen expression but also maintained type Il col-
lagen expression in the cells (Figure 38). Pellet cultures infzcred
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with MKKGS* virus were positively stained by type X collagen
immunostaining as well as Alizarin red staining, which was sup-
pressed by Smad 1 virus coinfection (Figure 6).

Tupe X collagen expression and p38 activation in synovisl cells in
osteoarthritic foints. To examine the role of p38 activation in the
development of degenerarive changes in the articular cartilage, we
next analyzed synovial issues in the mouse model of osteoarrhri-
tis. After ACL and MM resection, the animals developed degener-
ative joint changes mimicking oscecarthritis. Osteochondrophytes
were formed at the posterior edge of the femoral condyle and they
were positively stained by anti-rype X collagen as well as roluidine
blue (rectangular areas in Figure 7, A and C) 4 weeks after the oper-
ation (corresponding to the stage of moderate osteoarthritis).
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Figure 5

Sagregation of downstream signaling pathways of ALK3. (A) Syner-
gistic effect of Smad1 expressien on the chondrogenic effects of the
ALKS3% virus. Exprassion of Smadi1 (MO! = 20} fogather with ALK3%A
virus (MO! = 2} strongly induced expression of type il collagen in SFs.
White bars indicate type il ccllagen expression on day 1 of culturas,
and black bars indicate that on day 3. **P < 0.005 (significantly difter-
ent}. (B) MKK6-p38 pathways prometa terminal chondrocytic differen-
tiation of SFs. Mandatory activation of p38 pathways by expression of
MEKKEC* using adenovirus vectors rapldly activated expression of the
Sox3 and type |l collagen genes, which rapidly declined, while expras-
sion of a terminal chondrocytic diflerentiation marker, type X collagean,
was gradually intreased. Adenovirus vector—ediated oversxpression
of Smad1 togethsr with MKKECA suppressed typs X collagsn expres-
sion and maintainad typa |l collagen expression in SFs. *P < 0.001;
**P < 0.005 (significantly different).

Clusters of migrating synovial cells were observed adjacent to the
osteachondrophytes (Figure 7B, arrowheads), where future osteo-
chondrophytes will develop, and they were weakly stained by tolu-
idine blue and anti-type X collagen ar the marginal area berween
synovium and osteophytes {rectangular areas in Figure 7, B and D).
This region was also positively stained by anti-phospho-p38 (Fig-
ure 7F). No positive staining was observed in the normal synovi-
urn, however {dara not shown).

Discussion

The signaling evencs [eading to chondrogenesis still remain elusive,
alchough rhere is accumulating evidence that TGF-B superfamily
cytokines may play an important role (19-22). The receptors of
TGF-P family members are composed of two different rypes of ser-
ine/threonine kinase receptors, known as type [and type I1(31, 34,
35). Type I receprors are constitutively active kinases and phos-
phorylate type I receptors, also called ALKs. Type I receptors in turn
mediate specific intracellular signaling pathways and therefore
determine the specificity of the downstream signaling. So far, seven
type I receptors have been identified, ALKs 1-7. ALK3 (BMPR-IA)
and ALK6 (BMPR-1B) are structurally similar ro each other and
funcrion as BMP receprors, while ALKS and ALK4 work as tvpe I
TGF-B receptors. Using the adenovirus vector system, Fujii et al.
reperted thar ALKI®4, ALK2¢4, ALK3%A, and ALK6® induced
osteablastic differentiation of C2C12 myoblasts and that ALK3¢A
or ALK6SA introduction induced chondrocytic differentiation of
ATDC teratocarcinoma cells (27).

In the present study, we focused on the regulation of chondro-
genic differentiation of primary SFs obtained from rheumatoid
arthritis patients. 5Fs have chondrogenic potential {15, 16) and
can migrate into articular carcilage defects, where they deposita
scar-like tissue as Hunziker et al. pointed out (14), suggesting that
S5Fs have anabolic effects on joint homeostasis and are involved in
the restoration process of articular cartilage. We demonstrated
thar adenovirus vector-mediated ALK3* gene expression induced
robust induction of chondrocyte-specific gene expression in §Fs
in a ligand-independent manner. Clear induction of Sox9, a key
transcription facror regularing chondrogenesis (36, 37), followed
by type II collagen and aggrecan expression, was observed in the
ALK3%-expressing culrures, while tvpe X collagen was only weak-
ly induced in the cultures and no osteocalcin expression could be
found (Figures 2 and 5). Induction of these chondrocyte-specific
genes through ALK3 expression was not observed in skin fibro-
blasts, suggesting the cell specificity of the events {dara nor
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shown). The chondrogenic effect of ALK3%4 virus was furcher con-
firmed histologically by pellet cultures performed in vitro and in
vivo {Figures 3 and 4). Induction of neither the osteoblast mark-
ers asteopontin and osteocalcin nor the terminal chondrocyre dif-
ferentiarion markers type X collagen and mineralization was
observed in ALK34-expressing cells (Figures 2, 3, 5, and 6). These
results suggest that ALK3 signaling, that is, BMP signaling, has
both stimulatory and regularory roles in chondrogenesis: to
induce the chondrogenic differentiation of SFs and at the same
tizne to block rtheir osteoblastic or hypertrophic differentiation.
Despite the structural similarity between ALK3 and ALKS6, the
ALK6%A virus was much less efficient in chondrogenesis, the rea-
son for which remains to be clarified. Although many studies have
demonstrated a prochondrogenic effect for TGF-B (15, 16, 20-22),
we failed ro find an anabolic effect for ALKS“* which is expected
ro mitnic TGF-P signaling, on the chondrogenic differentiation of
SFs. We cannot fully explain the discrepancy between our results
and chose of previous studies, bur Robbins and coworkers recent-
ly reported that adenovirus vector-mediated TGF-B gene trans.
duction into arthritic joints in fact exacerbated cartilage degra-
dation (38), raising the possibility that sustaired activation of
TGF-P signaling, via ALKS, has instead a negative effect on chon-
drogenesis. Further study will be required to elucidare the differ
ence between TGE-B and BMP signaling.

The signaling of TGF-B/BMPs is transduced by $mad famiiy
members (31, 34, 35). Receptor-regulated Smads (R-Smads) are
direcr subsrrates of type I receprors and are phosphorylated at
the C-terminal SSV/MS motif. R-Smads then form heteromeric
complexes wirth common-mediaror Smads and translocate into
the nuclei, where they reguiate transcription of target genes. In
addition to Smad pathways, there is evidence that MAP kinase
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Figure 6

Induction of Alizarin red staining and type X collagen in MKK&-transduced
SFsin pellet culiures. (A~F) SFs infected with MKKE™ virus alone (A, C,
and E) or together with Smad1 virus (B, D, and F) were subjected to pet-
{at culture. Cultures were tixed with 3.7% formaldehyds 3 weeks later, and
then stained with Alcian blue (A and B}, Alizarin red (C and D) or anti-type
X collagen {E and F). Note the increased Alcian blue staining and the
reduced Alizarin red activity and type X colfagen immuncactivity, with
Smad1 coexpression. Scale bars: 100 pm (A-D) and 50 um (E and F).

cascades are also implicated in ALK signaling, in which TGF-B-
activating kinase (TAK1), a member of the MAP kinase kinase
kinase farmily, plays a key role. TAK1 activares MAP kinase kinase
in combination with an adaptor molecule, TABI, which leads to
JNK and p38 activation (32). The role of p38 in chondrogenesis
has recently attracted particular interest because p38 inhibitors
such as 5B203580 suppress the chondrogenic differentiation of
ATDCS cells induced by growth/differentiztion facror-5 (33, 39).
However, the exact roles of the Smad pathways and p38 pathways
in chondrocyre differentiation are noc ver fully clarified. We used
a combinarion of adenoviral gene delivery and a chemical
inhibirer to segregate the roles of rhese rwo pathways down-
stream of ALK3 activation and found that (a) inhibitery Smad
(Smad8) expression or treatment with rthe p38 inhibitor
SB203580 suppressed the effect of ALK3%* expression (Figure 2)
(b) Smad] synergistically augmented che effect of ALK3%4 (Fig-
ure 5A), and (c) activation of p38 pathways alone by MKK6<*
expression induced the hypercrephic differenciarion mmarkers rype
X collagen and mineralization in SFs, which was suppressed by
Smadl coexpression (Figures 53 and 6). These results suggest
thar aichough both Smad and p38 activation is necessary for
chondrogenic differentiarion of SFs, sustained activation of p38
pathways alone pramprs the terminal differentiation of the cells.
Consistent with our results, Zhen et al. (40) reported that
parathyroid hormone inhibits type X collagen expression in
hypertrophic chondrocyres by suppressing p38 pathways. Von
der Mark et al. (41} reported the focal appearance of rype X col-
lagen in osteoarthritic cartilage, which may be involved in the
degenerative changes of the articular cartilage and in the patho-
genesis of osteoarthritis. Using the mouse mode! of ostecarthri-
tis, we found that acrivated p38 is associated with rype X colla-
volume 113
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gen expression in the synovial tissues adjacent to osteochon-
drophytes as well as in the degenerative cartilage (Figure 7).
Smmad pathways not only are required for chondrogenic differen-
tiarion of SFs but also critically regulate the stage of differenriation
of the celis and suppress their terminal differentiation process.
Consistent with our findings, Scharstuhl recently reported
inkibitory action of Smad7 in TGF-B-induced chondrocyte prolif-
eration and proteogiyvean production (42), indicaring a critical role
for Smad pathways. Hidaka and coworkers {43) demonstrared that
adenovirus vector-mediated BMP-7 expression in chondrocytes
accelerates the cartilage repair process. More recently, Lories and
colleagues (44) demonstrared thar BMP-2 and BMP-6 expressed in
arthride synovium are regulated by proinfiamrmarory eytokines and
differentially modulaee fibroblast-like synoviocyte apoprosis, and
Fukui er al. (45) found that BMP-2 expression was increased by
proinflammarory cyrokines in normal and ostecarthritis chondro-
cytes. These findings, combined with our observations, suggest rhat
although BMPs have favorable effects on the repair process of artic-
ular cartilage, they may have proapoptoric and/or degenerative
effects on the cells when p38 pathways are overactivared. Qur find-
ings suggest an important role for p38 signal rransduction path-
ways in chondrocytes and SFs, leading to degenerative joint disor-
ders, and suggest the potenrial utility of p38 modifiers in the
treacment of rheumaroid archrieis and/or ostecarthriris. In fact, p38
kinase modifiers are now in clinical trials to creatr rheumartoid
arthritis (46). Based on our observations, we would like to propose
that SFs are an excellenc source for chondroprogenitors, which can
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Figure 7

Histological analysis of knee joints in the mouse ACL and MM
resection model. {A—F) Toluidine blue staining (A and B) and
type X collagen immunostaining (C and D) at the marginal
area hetween the articular cartilage and synovium. B and D
present higher-magnification views of A and C, respectively.
Osteochondrophytas were formed at the posterior edge of the
femoral condyle, and they were positively stained by anti-type
X coltagen as well as toluidine blue {rectangular areas in A
and €}. Clusters of migrating synovial cells were observed
adjacent fo the osteochondrophytes (B, amowheads) where
future ostecchendrophytes will develop, and they were posi-
tively stained by anti-typa X collagen at the marginal area
between synovium and osteophytes (rectangular area in D).
This region was also positively stained by anti-phospho-p38
{F). E and F represent phase-contrast microscopy (E) and
immunostaining with antiphospho-p38 (F) of the rectangu-
lar area in D. Positive phospho-p38 staining was observed at
the area of ostecchondrophytes as well as the marginal syn-
ovium. Scale bars: 500 pm (A-D} and 50 um (E and F),

be differentiated into chondrocytes via ALK3 activation, and that
activation of the Smad parhway while controlling the degree of p38
activation may be a way ro generate commirted chondrocytes for
the repair and/or replacement of cartilage.
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Intracellular signal transduction pathways: good therapeutic targets for joint

destruction in rheumatoid arthritis

Abstraet Preventing joint destruction is one of the most
challenging issues in treating patients with rheumatoid ar-
thritis (RA), and I propose that intracellular signaling path-
ways in osteoclasts and synovial fibroblastic cells (SFCs) can
be good therapeutic targets. Osteoclasts are primarily in-
volved in the bone destruction in RA joints, and SFCs sup-
port osteoclast differentiation and activation by producing
various proinflammatory cytokines including receptor acti-
vator of NF-xB ligand (RANKL). the osteoclast differentia-
tion factor belonging to the tumor necrosis factor-u
superfamily. Suppressing c-Sre pathways by adenovirus
vector-mediated C-terminal Sre family kinase (Csk) gene or
Ras/extracelliar-regulating kinase {ERK) pathways by in-
troducing dominant negative Ras (Ras™) adenovirus re-
duced osteoclastic bone resorption as well as the abnormal
proliferation and interleukin-6 production of SF(Cs, and the
local injection of these viruses ameliorated the joint de-
struction in adjuvant arthritis rats. Morzover, chondrogenic
differentiation of SFCs could be induced by stimulating
activin receptor-like kinase 3 pathways.

Key words Adenovirus - Osteoclast - Rheumatoid arthritis
{RA) - Synovial fibroblast cells (SFCs)

Intreduction

Rheumatoid arthritis (RA) is a chronic systemic inflamma-
tory disorder with an unknown etiology characterized by
the invasive synovial hyperplasia leading to the progressive
joint destruction.' Radiographic studies have shown that
the bone erosion in RA begins at the carly slage of the
discase, and gradually exacerbates. Bone erosion results in
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the severe deformity of the affected joints and impairs the
normal activity and the quality of life of the RA patients,
and hereby, preventing such devastating states is one of the
most challenging issues in treating them. Because the exact
eticlogy and pathology of RA rtemains unknown, most
treatments of RA just treat symptoms of the disease.
Nou-steroidal  anti-inflamunatory  drugs,  including
cyclooxygenase 2 inhibitors, have been prescribed to reduce
the painful symptoms of the disease, but they have little
effect on stopping the progression of the joint destruction.
Recent studies have revealed that some disease-modifying
antirheumatic drugs and biological agents such as anti-
tumor necrosis factor {TNF)-¢t antibody ameliorate the
progression of the joint destruction in RA.? However, the
bone-protective effect of these reagents is limited in most
cases, and their long-term etfects have not been established
yet. Moreover, the prolonged usage of these medicines
sometimes causes severe side effects. Therefore, novel
therapeutic interventions specifically tarpeting the joint
destruction in RA are greatly expected.

Proliferating synovium produces an elevated amount of
proinflammatory cytokines interleukin (IL)-1, IL-6, IL~17,
and TNF-a, and matrix-degenerating enzymes matrix
metalloproteinases and cathepsins, which are involved in
the bone and cartilage destruction.’ Considerable data
have demonstrated that synovial fibroblastic cells (SFCs),
type B synovial cells with fibroblastic morphology, are one
of the principal cells implicated in the arthritic conditions in
RA.*InRA. SFCs markedly increase in number and display
transformed phenotypes, and the activation of various
protooncogenes including myc, ras, and fos is involved in
the abnormal growth rate and transcriptional activity of the
cells.” Bone erosion usually begins at the interface of the
cartilage and the proliferating synoviom, and bone-resorb-
ing ostcoclasts can be observed at the erosive synovium/
bone interfaces in RA joints. Accumulating evidence has
revealed that osteoclasts, primary cells responsible for bone
resorption, are involved in the bone destruction in RA, and
recent progress in the molecular biology and hiochemistry
has clucidated the molecular mechanism of the osteoclast
differentiation and activation. In contrast to such catabolic
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